heterogeneous and differs in large and small cells (likely to be from the periphery and centre of the sinoatrial node, respectively). I plays to an important role in action potential configuration and pacemaker activity in sinoatrial node cells, especially in larger cells.
Introduction
node is to conduct the action potential from the centre to the surrounding atrial muscle, although it can take over the 1 Transient outward K current, I , characterised by rapid role as the leading pacemaker site [2] . Action potentials to activation and inactivation and sensitivity to 4-aminorecorded from the centre of the rabbit SA node have a pyridine (4-AP), has been recorded in cells from various more positive take-off potential, slower upstroke, longer regions of the heart from many species [1] . I plays an duration and less negative maximum diastolic potential to important role in action potential repolarization and contrithan action potentials recorded from the periphery; the butes to cardiac electrical heterogeneity [1] . I is also intrinsic pacemaker activity of the centre is also slower to affected by antiarrhythmic agents [1] . than that of the periphery [3] . We have suggested that the The sinoatrial (SA) node is known to be a heterogeneous regional differences in electrical activity are mainly the tissue and the electrophysiological properties of SA node result of regional differences in the intrinsic properties of cells vary in different regions of the SA node. In the SA the cells (rather than electrotonic influences), because node, the action potential is usually first initiated in the similar heterogeneity of action potential characteristics are centre of the SA node (distant from the surrounding atrial observed in single SA node cells from the rabbit [4] . muscle). Normally, the function of the periphery of the SA Furthermore, cell size increases from the centre to the periphery of the rabbit SA node [5] and small cells (presumably from centre) show electrical activity charac-teristic of the centre, whereas large cells (presumably from Amphotericin (200 mg / ml) was added to the pipette the periphery) show electrical activity characteristic of the solution just before use. Pipettes (tip diameter |1-2 mm, periphery [4] . We have suggested that cell size-dependent resistance 3-8 MV) were made from 1 mm diameter glass differences in the density of ionic currents underlie re-(Clark Electromedical Instruments, Reading, UK) using a gional differences in electrical activity within the SA node Narishige pipette puller (PP-83, Narishige Scientific Instru-1 [4] . The lack of TTX-sensitive Na current, I , and a low ments Laboratory, Tokyo, Japan). An Axopatch-1C patch Na density of the hyperpolarization-activated current, I , in clamp amplifier (Axon Instruments Inc., Foster, USA) was f small cells presumably from the centre may be responsible, used for current and voltage clamping. Cell capacitance at least in part, for the slower upstroke and slower intrinsic (C ) was obtained from the capacity compensation control m pacemaker activity of these cells [4] . Low densities of the of the amplifier after the whole cell capacity current (in 1 rapid and slow delayed rectifier K currents, I and I , response to 5-ms pulses to 270 mV at 100 Hz from a K,r K,s in small cells may also contribute to regional differences in holding potential of 260 mV) was eliminated. In a electrical activity in the SA node (M. Lei, unpublished previous study [7] , the accuracy of this method was observations).
checked. The series resistance (.80%) was electronically Recently, we have shown that 4-AP affects the rabbit compensated, and the current signal was filtered by a low SA node and the effects are greater in the periphery than pass Bessel filter with a cut-off frequency of 10 kHz (23 the centre [6] . We have also described a 4-AP-sensitive dB). Electrical signals were displayed during an experitransient outward current in rabbit SA node cells [7] ; this ment on an oscilloscope (5111A, Tektronix, Holland) and study was carried out at room temperature. The present a chart recorder (2007, Gould, France). Data were digitised study was designed to: (i) characterise the electrophysiousing an AD/ DA converter (Digidata1200A, Axon Instrulogical and pharmacological properties of I in rabbit SA ments Inc.) and stored on computer (sample rate, analysis was used for correlations. A probability of ,0.05 was considered to indicate a significant difference. All statistical analysis was carried out using SigmaPlot version 4.0 software (Jandel Scientific, San Rafael, CA, USA).
Results

Heterogeneous expression of I in SA node cells to
Experiments were only carried out on cells showing spontaneous activity -they were spindle and / or spider shaped, with no obvious or faint striations. Fig. 1A shows an example of transient outward current. It shows membrane current evoked by 200 ms pulses to 240 to 160 mV from a holding potential of 280 mV. During the pulses, conditioning pulses to potentials ranging from 230 to 160 4-AP sensitive current) was assessed in seven cells during mV; the prepulse was followed by a test pulse to 240 mV a 200-ms pulse to 160 mV from a holding potential of for 100 ms (Fig. 3A) . The amplitude of the outward tail 280 mV (current in the presence of 10 mM 4-AP was current during the test pulse was normalized to the largest subtracted from current under control conditions). The tail current (after the conditioning pulse to 160 mV). In decay of 4-AP sensitive current was best fitted by a double Fig. 3B , the open symbols show mean data from six cells exponential function with fast and slow decaying complotted as a function of the conditioning pulse potential ponents. The time constants for these two components are and fitted by the Boltzmann equation. A double-pulse 1063 and 107617 ms. protocol was used to measure the voltage-dependence of Recovery from inactivation was determined by a staninactivation of I : from a holding potential of 280 mV, a dard double-pulse protocol: a 100-ms test pulse to 140 mV to 500-ms conditioning pulse to potentials ranging from was applied at different intervals after a 100-ms con-2100 to 0 mV was followed by a 150-ms test pulse to 160 ditioning pulse to 140 mV (Fig. 4A ). The holding potential mV (Fig. 3A) . The amplitude of I (measured as the was 280 mV. The amplitude of I (measured as the to to difference between peak outward current at the start of the difference between the peak outward current at the start of pulse and current at the end of the pulse) during the test the pulse and the current at the end of the pulse) during the pulse was normalised to the maximal amplitude of I (after test pulse was normalised to the amplitude of I during the to to conditioning pulse. In 3.3. Effects of 4-AP, quinidine and flecainide on I was calculated by dividing the difference between the peak to outward current at the start of the pulse and the current at The effects of 4-AP and two class I antiarrhythmic the end of the pulse by the driving force (the reversal agents, quinidine and flecainide, on I were investigated.
potential was assumed to be 280 mV under all conditions). this example) (Fig. 7A ). 
Activation and inactivation of I to
In the present study, in rabbit SA node cells at 358C (i) activation of I was voltage-dependent and half-maximal 4-AP did not stop spontaneous activity in this cell or the in rabbit SA node cells at 358C (this study) occurred at a other four small cells studied. In the five small cells, 4-AP substantially more negative potential (249 mV) than in significantly decreased action potential amplitude, inrabbit SA node cells at 24-268C (232 mV) [7] and rabbit creased action potential duration, decreased maximum atrial cells at 228C (232 mV) [10] . Half-maximal inactivadiastolic potential and increased cycle length. Results from tion of I in rabbit SA node cells at 358C (this study) to the five cells are summarised in Table 1 . The effects were occurred at a more similar potential to half-maximal reversible on wash-off of 4-AP (not shown). Fig. 9B shows inactivation of I in rabbit atrial (|241 mV) [11] and to the effect of a 30-s exposure to 4-AP on the spontaneous ventricular cells (238 mV) [9] at 33-358C. The slope activity of a large SA node cell (C : 42 pF). In the factors for activation and inactivation curves are comparm presence of 4-AP, spontaneous activity ceased. After washable in different studies. off of 4-AP for 5 min, spontaneous activity resumed (not The inactivation kinetics of I in the present study are to shown). The same effect was observed in the other four comparable to those reported for rabbit SA node cells at large cells.
24-268C by Honjo et al. [7] and rabbit atrial and ventricular cells at 33-358C by Yamashita et al. [11] and Hiraoka and Kawano [9] , but faster than those reported for rabbit Table 1 atrial cells at 228C reported by Clark et al. [10] . 
Pharmacological properties of I to
Control
4-AP
In the present study, I in rabbit SA node cells was respectively [17] ). and are greater in larger cells (Fig. 2) . In our previous study of I in rabbit SA node cells at room temperature to 4.3. Identity of the I channel in rabbit SA node [7] , whereas the sustained component of 4-AP-sensitive to current (I ) was correlated with C , the density of the sus m
In the heart, it has been suggested that the Kv1. diastolic potential and increased cycle length) (Fig. 9) . The 4-AP-inhibits Kv1.4, Kv4.2 and Kv4.3 currents -halfincrease in action potential duration and the decrease of maximal inhibition of Kv1.4, Kv4.2 and Kv4.3 is obtained maximum diastolic potential are consistent with the loss of at 0.2-0.5, |2-4, and 1.54 mM, respectively an outward current. It is likely that the decrease in action [19, 21, 20, 18] . Also, 10 and 20 mM quinidine cause potential amplitude and slowing or abolition of spontaapproximately half-maximal inhibition of Kv1.4 and Kv4.2 neous activity were the result of the decrease or failure of currents, respectively [19, 20] . In contrast, whereas 10 mM repolarization. flecainide causes an approximate half-maximal inhibition
In an earlier study of small ball-like tissue preparations of Kv4.2, it has minimal effects on Kv1.4 [19] . A of SA node tissue from different regions of the rabbit SA concentration of 26 mM flecainide causes half-maximal node [6] , we observed that the effects of 4-AP on the block of Kv4. 3 [23] . We have shown that 4-AP, quinidine action potential were greater in tissue from the periphery and flecainide inhibit the Kv4.2 channel from the rabbit SA than from the centre. The results from the present study are node [22] . These results suggest that Kv1.4 is at least consistent with this, because larger cells (in which the unlikely to be responsible for the majority of I . effect of 4-AP on the action potential was greater) are to In the present study, 4-AP, quinidine and flecainide likely to be from the periphery of the SA node, whereas blocked a sustained outward current as well as a transient smaller cells (in which the effect of 4-AP on the action outward current. Although the sustained outward current potential was less) are likely to be from the centre. In the may be a non-inactivating component of I , it may also be previous study on small balls of SA node tissue [6] , the to a separate current, such as an ultra-rapid delayed rectifier effects of 4-AP on tissue from the centre of the SA node 1 K current, I [7] . In human atrial myocytes, whereas were similar to the effects on small SA node cells in the K,ur 4-AP and quinidine inhibited I (EC , 50 and 5 mM, present study ( Fig. 9 ): the action potential was prolonged K,ur 50 respectively, at 140 mV), flecainide had no effect [17] . In and the maximum diastolic potential could be reduced. In contrast, in rat ventricular cells flecainide, as well as 4-AP the present study, 4-AP abolished the spontaneous activity and quinidine, inhibited an I -like current (EC , 15 of large cells (Fig. 9) . However, in the study of small balls K,ur 50 mM, .1, and 14 mM, respectively) [16] . of SA node tissue [6] , although the effects of 4-AP on peripheral tissue were greater than on central tissue consistent with the densities of I and I being greater
